ABSTRACT: Lead poisoning of animals due to ingestion of fragments from lead-based ammunition in carcasses and offal of shot wildlife is acknowledged globally and raises great concerns about potential behavioral effects leading to increased mortality risks. Lead levels in blood were correlated with progress of the moose hunting season. Based on analyses of tracking data, we found that even sublethal lead concentrations in blood (25 ppb, wet weight), can likely negatively affect movement behavior (flight height and movement rate) of freeranging scavenging Golden Eagles (Aquila chrysaetos). Lead levels in liver of recovered post-mortem analyzed eagles suggested that sublethal exposure increases the risk of mortality in eagles. Such adverse effects on animals are probably common worldwide and across species, where game hunting with lead-based ammunition is widespread. Our study highlights lead exposure as a considerably more serious threat to wildlife conservation than previously realized and suggests implementation of bans of lead ammunition for hunting.
■ INTRODUCTION
Predators and scavengers are important for ecosystem functioning and ecosystem health by removing carcasses and wounded or weak animals. 1 Lead poisoning of predators and scavengers from ingestion of fragments of lead-based ammunition in carcasses and offal of shot wildlife is well acknowledged globally 2−6 and is potentially causing sublethal or even acute lead poisoning in these groups. Several sublethal effects of lead poisoning in wildlife have been suggested, including behavioral changes. 2, 7 However, such behavioral changes have never been documented and quantified in freeranging animals.
A number of factors are known to affect movement and behavior in free ranging animals. 8, 9 These include internal factors such as animal life history (age and sex), physiology, body condition and state, as well as external factors such as climate, human land use, pollution, food, predation, competition, and disease. 10−13 The relative importance of these factors may also vary at different scales of movement which may further influence species population demography and dynamics. 8 Today, lead ammunition used for big game hunting is the main source of lead poisoning in scavenging birds. 2−6 This is evident from comparisons between lead concentrations during and outside the hunting season, as well as from an increase in hunting pressure, 4, 14 and from lead isotopic analysis. 5 Exposure may occur from consumption of offal of hunter shot game, from mortally wounded, but unrecovered game, or game that are wounded and not recovered and die at some later date. This not only applies to big game, but also small game; for example, high percentages of Willow Ptarmigans (Lagopus lagopus L.) 15 and mountain hares (Lepus timidus L.) 16 survive hunting with lead shot embedded in their tissues, and birds preying or scavenging on wounded small game may be exposed to this lead.
Clinical signs of lead-poisoned birds include anorexia, anemia, neurological effects, and wing droop. 17 Experimental, sublethal lead concentrations in gull and tern chicks affected locomotion, balance and depth perception. 18 Sublethal concentrations of lead are suggested to increase risk of collision. 6, 7 This is likely related to impaired flight performance (and ability to avoid danger), which could also cause reduced hunting success with subsequent starvation. For scavengers, thresholds identified in Falconiformes are currently recommended in ecotoxicological studies 5 with background concentrations being lower than subclinical lead concentrations that range between 200 and 500 ppb lead in blood and between 2000 and 6000 ppb ww (wet weight) in liver, 17 which is similar to the subclinical range proposed in Bald Eagles (Haliaeetus leucocephalus L.). 19 The hitherto assumed thresholds for toxic lead concentrations are mainly nonspecies specific, often based on simplified experiments on birds in standardized captivity 18 (but see Hoffman et al. 20 for lead-induced effects on hematological parameters in captive Bald Eagles), and primarily based on physiological effects. 20−22 Eagle-specific diagnostic blood and/or liver thresholds for lead have been reported previously 19, 23, 24 but to our knowledge no eagle-specific behavior-based thresholds for lead concentrations have been identified.
Advancements in Global Positioning System (GPS) and other emerging technologies for tracking animals have rapidly increased our ability to study and quantify movement behavior of free living animals, thereby allowing us to reveal intricate details about various aspects of species life history and cycle, habitat selection, flight behavior and demographic consequences of movement. 25, 26 These advancements now also provide opportunities to study the effects of environmental contaminants on altering animal behavior, which has not been previously possible. 27 The Golden Eagle (Aquila chrysaetos L.) is rare, long-lived and widely distributed across the northern hemisphere. 28 It is listed in Annex 1 (species needing special habitat conservation measures) of the EU Birds Directive.
29 Most Golden Eagles in Sweden breed in the country's northern boreal forest from ca. 60°N to 66°N latitude, relying on old trees for nesting and open areas like clear-cuts for hunting. 30, 31 Their diet varies with season with grouse species and mountain hare dominating the diet in the breeding season. 32 Knowledge of diet outside the breeding season is very limited, but scavenging appears to be important. 28 Golden Eagles in Sweden undertake age-dependent partial migrations, whereby juvenile birds migrate south in late autumn (late September to October) and return to north during spring (late April to early May). 33, 34 Home range size also varies between breeding and nonbreeding period, where range size is larger during the nonbreeding season than during the breeding season. 31, 34 Flight altitudes of eagles are variable throughout the year and depend upon habitat type. Eagles fly highest above water and urbanized areas. Flight altitudes above other habitat types such as forests, mires, and pastures are highly variable. 34 To further our knowledge of the effects of lead on freeranging animals, we studied flight performance in scavenging Golden Eagles from which we had information on blood lead levels. We also compared liver lead levels to causes of death of Golden Eagles from specimen banks. We predicted that high lead concentrations in blood would affect flight height and movement rates of tracked eagles. This should also be reflected in high lead concentrations in recovered eagles that died from collisions or that died due to causes that might be related to reduced hunting skills (e.g., starvation) or alertness (e.g., poaching) of the eagles.
■ MATERIALS AND METHODS
Golden Eagle Trapping, Blood Sampling and Tagging. Forty-six Golden Eagles were captured in the four northernmost counties in Sweden (Vasternorrland, Jamtland, Vasterbotten, and Norrbotten county) and equipped with backpack type CTT (Cellular Tracking Technologies Inc., 70 g) GSM (Groupe Spećial Mobile) transmitters in 2014 and 2015. The 23 juveniles were young of the year, four were subadults in their second (2K) to fifth calendar year (5K); three were aged from rings (one 2K and two 5K) and one estimated from plumage (tail pattern) to 3K and the 19 adults were 6K birds or older aged from rings and/or tail patterns (see Tjernberg and Landgren 35 for description of age classification). Gender was determined from weight and wing length measurements. Juveniles in 2014 were captured in the nest near to fledging age, 36 while adults, subadults and juveniles in 2015 were trapped with bow nets 37 in the postfledging season in summer-autumn (late August−November) in open areas such as clear-cuts within their territories. A volume of 1−2 mL blood was taken from the brachial wing vein of each eagle. Care was taken to ensure that marked birds were in good condition before and after sampling (bright looking plumage, no drooping eyelids, no visual signs of disease and no drooping wings) and that all birds were able to fly after their release (with the exception of juveniles in the nest).
Permissions for the study were obtained from the Swedish Environmental Protection Agency, Stockhom (Dnr NV-04092-14) and the Swedish Ethical Committee on Animal Research, Umeå(Dnr A40-14 and A42-14).
Data Set on Dead Golden Eagles. In Sweden, dead Golden Eagles belong to the state and must be handed in to the authorities (Swedish Museum of Natural History or Swedish National Veterinary Institute; SVA) for post-mortem investigations and banking. A total of 111 eagle livers banked and stored at −20 or −25°C during 2003−2011 were available for study. Assessments on cause of death were based on evidence from field-site circumstances and observations from necropsies conducted by SVA. Our main interest was to compare subclinical concentrations of lead among categories of cause of death. Among the 111 specimens, eight were considered lethally lead poisoned 17 with liver lead concentrations in the range 8600−56 900 ppb lead ww. These eight specimens were excluded from the analysis since we were interested in the effects of sublethal lead concentrations. We identified 10 categories of cause of death of which eight were included in the further visualization of data. The other two categories of death, collision with a wind turbine (3419 ppb lead ww in liver) and infection (1826 ppb lead ww in liver) were not included in the visualization because there was only one bird in each category. Twelve specimens in the sample were diagnosed with starvation/emaciation and their liver samples contained on average 28% dry matter, compared to 30% in the rest of the sample. This difference was considered negligible for comparisons of concentrations among categories of dead birds.
Identifying Lead-Caused Thresholds in Movement Behavior. There are several approaches for identifying thresholds in doses that affect animal behavior. The Benchmark dose approach (BMD) 38 overcomes several limitations associated with the no-observed-adverse-effect-level (NOAEL) approach. The BMD is determined as the dose corresponding to a predetermined change in the response, referred to as the benchmark response (BMR). Studies comparing levels of NOAEL and BMR values for several data sets suggest that the risk at NOAEL corresponds to a BMR level in the range of 5− 10% or more than 10%. 39, 40 The U.S. Environmental Protection Agency and European Food Safety Authority have suggested a BMR of 5 or 10%. 41−43 We fitted a sigmoid function to the dose−response data explaining a significant part of the variation in response, due to variation in concentration. We used the following function (eq 1):
.
The predetermined change was chosen to be 10% from the average flight height and movement rate, respectively, at very low lead concentrations (h); y 0 = average flight height and movement rate, respectively, at the highest observed lead concentrations; c and n are constants describing the inflection point and the steepness of the sigmoid, respectively; and x = lead concentration (ppb). The fitted sigmoid function was based on average values for both x and y values of at least two (flight height) or three (movement rate) observations for each of the average values. To avoid splitting observations that are very close, observations closer than 0.05% of the x-range, were allocated to the same average. It has to be stressed that two or three observations constitute a very small sample associated with huge confidence intervals and uncertainty. The x-values were sorted in increasing order. For flight height, the first two observations formed the first average; the second average was formed by the following two observations and so on. For movement rate the averages were based on three observations, except for the last average that was based on four observations since the last single observation could not form a new average.
In the analyses, we combined adult males (n = 8) and females (n = 8) since they showed similar lead blood concentration at date of tagging (Mann−Whitney U-test, U = 26, P = 0.56) and flight performance (flight height: U = 23, P = 0.37, movement rate: U = 22, P = 0.32).
Chemical Analyses. Preparation and analysis of blood and liver samples followed standard procedures and are described in detail in the Supporting Information (S1).
Data Analyses. The Golden Eagle movement data set is acquired, stored and handled using the Wireless Remote Animal Monitoring (WRAM) system 44 under the Swedish Golden Eagle Project. The data set for this study was downloaded from WRAM and used for statistical analyses of flight and movement parameters.
GPS locations (at maximum 15 min intervals) for 14 days postcapture were available and extracted for 16 of the 19 adult eagles to investigate flight heights and movement rate (km 15 min −1 ) ( Table 1) . Our selected frequency of locations is reasonable for this kind of analyses, even though higher resolution data are starting to emerge from telemetry studies. 45, 46 Three eagles were excluded from the analyses because they did not meet our selection criteria (i.e., they lacked position data during the study period 1 September to 31 December 2014 and 2015, respectively). Because we were interested in flight behavior, we only included positions recorded between dawn and dusk when eagles were flying. We excluded all locations when eagles were perched or roosting. The GPS transmitter on one of these 16 eagles only recorded three locations at 15 min frequency during the study period. Nevertheless, we included this eagle in our analyses because of the available lead concentration in blood (320 ppb lead ww). The vast majority of juveniles were sampled for blood lead more than a month prior to the moose (Alces alces L.) hunting season, which is from the first Monday in September to mid-January each year. To obtain as large and homogeneous sample as possible, only adults were used in the movement analyses (Table 1) . Flight height (above ground level, AGL) was estimated by subtracting ground elevation extracted from a 5-m resolution Digital Terrain Model (acquired from the Swedish National Land Survey, Lantmaẗeriet) from GPS recorded height.
The vertical accuracy of CTT transmitters that we used in this study is rated at a vertical error probability (VEP) with 50% of the locations falling within <4 m vicinity of the actual location and two-dimensional (or distance) root-mean-square (2 dRMS) with 95% probability <6 m. We used 2 dRMS, as VEP was too low. The actual error for each fix is recorded by the GPS as the vertical dilution of precision (VDOP). To calculate the altitude error, we multiplied VDOP for each fix by the vertical accuracy. We then calculated the mean for each bird and averaged those to determine the grand mean (±SE) for all birds.
11,47 The horizontal precision was less than or equal to 2.5 m, and vertical precision was less than or equal to 22.2 ± 5.6 m. We converted eagle positions into linear trajectories using package adehabitatLT in R. 48 From these linear trajectories, we calculated net daily distance moved, which we used to estimate the movement rate (km 15 min ). We calculated Pearson product-moment correlation between ranked lead concentrations in blood and flight performance (flight height and movement rate, n = 16), and between lead concentrations in blood and progress of the moose hunting season (n = 46). The lead concentration in blood (70 ppb ww at date of tagging) of the eagle that was killed by collision with train (85 ppb ww at date of death) was not included in the visualizations and analyses since it was an outlier as it was recovered 139 days after start of moose hunting season while all other values were derived from <80 days from the start of that season. The overall results and conclusions were however not affected by including or excluding data from this eagle.
We used analysis of variance (ANOVA) on ranked lead concentrations to explore whether the measured lead concentrations in liver per category of cause of death, in the specimen bank sample of Golden Eagles found dead, differed between categories. Statistical analyses were performed in R. 49 
■ RESULTS
Mean observed flight height in the 16 Golden Eagles ranged from 18.4 to 74.1 m with rather narrow 95% confidence intervals (CI) for 15 of the eagles ranging from 1.4 to 11.8 m, while one eagle had a CI of 20.3 m (Table 1) . Mean movement rate in the eagles ranged from 0.05 to 1.10 km 15 min −1 with CI of 0.02−0.19 km 15 min −1 (Table 1) . Mean flight height and mean movement rate in the 16 Golden Eagles were nonlinearly and negatively related to the eagles' blood lead concentrations (Figure 1 ). Applying the Benchmark Dose Response approach, we suggest a critical (sublethal) lead concentration in blood of 25 ppb ww (wet weight) based on a 10% reduction in flight height (Figure 1) . At concentrations around the inflection point of the curve (c. 43 ppb ww), flight height was reduced by 20% and in the birds with highest concentrations it was reduced by 50% (Figure 1 ). Lead concentrations in blood increased with progress of the hunting season (r = 0.896, n = 46, P < 0.001) and increased in two Golden Eagles that died during our study ( Figure 2) .
As a comparison with our tagged study eagles, we also evaluated post mortem lead concentrations in liver for a larger sample of recovered dead Golden Eagles during 2003−2011 (n = 103) (Figure 3 ). There was a strong tendency for differing lead concentrations among the categories of mortality (ANOVA, F 7 = 2.02, P = 0.06), with highest concentrations in the categories starvation, rail and road vehicle collisions and other trauma and with a large variation in concentrations in each category (Figure 3 ). In total, six of the recovered dead eagles (including the eagle that collided with a wind turbine) had lead liver concentrations higher than the hitherto assumed threshold for subclinical lead concentrations (2000 ppb ww 17 ) (Figure 3) .
Three tagged eagles were later recovered dead during our study. Lead concentrations in liver of the three specimens at time of death were 316 (died most likely due to collision with powerline under which it was found), 346 (killed by collision with train) and 1820 (died from chronic lead poisoning and showed clear signs of starvation) ppb ww, respectively. The cause of death of these three eagles was determined by SVA. In addition, for two of the three eagles, lead concentrations in blood more than doubled from date of tagging to date of death. For the eagle that was clinically poisoned, blood lead concentration was 267 ppb ww at the time of tagging and 
■ DISCUSSION
Although lead-induced behavioral effects have been predicted previously, 6, 7, 18 we identified such effects in free-ranging animals for the first time. From our study on free-ranging eagles and post mortem analyses (including two of the three eagles that died during our study and that had sublethal blood lead concentrations at the date of tagging), we infer that sublethal lead concentrations impair flight performance and increase mortality risk. The here suggested critical (sublethal) lead concentration in blood of 25 ppb ww (wet weight) ( Figure  1 ) is as little as 1 / 8 of the generally accepted lower boundary between "background" and subclinical concentrations of 200 ppb lead ww in blood. 17 Thus, our finding is a significant advancement of the knowledge on sublethal effects of lead on eagles, and therefore also an important basis for future conservation policy. Because of our small sample size, we suggest that the estimated BMD should be treated with caution until additional studies with larger samples sizes are conducted.
Lead-based ammunition has been identified as the main anthropogenic source of lead found in the blood of wildlife. 5, 17 We postulate that lead from ammunition is also the primary source for sublethal lead poisoning likely affecting Golden Eagles in Sweden. This statement is supported by (a) the observed impaired flight performance in terms of decreased flight height and movement rate with increasing concentrations of lead in the blood (Figure 1 ) and (b) the strong positive correlation between progress of the moose hunting season and lead concentrations in blood of tagged eagles, including the increase in blood lead concentrations in the two eagles that died during our study (Figure 2) . Considering the short half-life of lead in blood (14 days), 50 the increase of lead in blood in the three Golden Eagles that died during our study likely indicates recurrent ingestion of lead-poisoned food.
Moose hunting for meat is a landscape-scale cultural activity in Fennoscandia, and annually about 150 000 to 200 000 moose are shot. 51, 52 The hunting period is fixed throughout the region, and annual quotas are designated to moose management areas administered by local and national authorities. Golden Eagles exhibit a foraging response to the availability of moose gut-piles and cutoffs during the hunting season. 4 During the 2013−2014 hunting season, a total of 166 000 moose were harvested in Sweden (57%), Finland (23%), and Norway (20%). An estimated amount of 215 kg of lead from spent ammunition was deposited in gut piles, offal, and carcasses left for scavenging in one year, corresponding to more than 100 000 lethal doses for eagles. 53, 54 Similar data for other game hunted with lead-based ammunition have not been reported. The annual amount of lead available for scavenging in Fennoscandia highlights lead exposure as a severe problem. This problem is even more apparent considering the extent of the use of leadbased ammunition for big game hunting worldwide. 14, 55 Eagles are known to be readily attracted to carcasses. 56 This can lead to temporal reductions in their flight activity. It could be argued that a reduction in flight activities in Golden Eagles after the onset of the moose hunt might result from the access to a "new", immobile food resource (gut piles) during autumn. But this is unlikely, because gut piles are rapidly eaten and removed locally by a variety of scavengers including eagles. Golden Eagles utilizing this food source must still actively search for food on a daily, or near so, basis. Unfortunately, there are no data on the availability and spatial and temporal distribution of gut piles in our study area to test this alternative hypothesis.
We infer big game hunting as the main cause of lead poisoning and a driver of lead-induced behavioral changes and mortality in Golden Eagles. However, parallel small game hunting and wounding of, for example, mountain hare, forest grouse (Tetrao urogallus L., Lyrurus tetrix L., Lagopus lagopus L., and Bonasa bonasia L.), roe deer (Capreolus capreolus L.), and red fox (Vulpes vulpes L.), also occurring outside the big game hunting season further increases the exposure of Golden Eagles and other wildlife to lead. 23 The Golden Eagle is a long-lived species, occasionally living up to 30 years or more, but with low annual productivity. 28 Hence, lead-induced mortality or leadreduced breeding success can be detrimental for Golden Eagle populations, where individuals generally do not start reproducing until an age of >5 years. 28 The hitherto assumed thresholds for toxic lead concentrations in blood of scavengers 5 have never been tested on freeranging eagles. In contrast to captive birds, wild birds are expected to tolerate lower lead concentrations due to simultaneous exposure to multiple environmental stressors simultaneously. 17 In addition, long-lasting exposure of birds to low lead concentrations may be just as serious as short-term exposure to high lead concentrations. 17 Our results (Figure 1 ) indicate that flight performance was impaired in wild birds even at lead concentrations as low as 1 / 8 of those currently considered as elevated. 17 This stresses the importance of including ecologically relevant end points, such as altered behavior, when determining threshold levels in wild birds and also the need to consider multiple and indirect effects of contaminants. Other recent studies on the effects of lead on physiology and body condition of waterfowl point in the same direction as our results on Golden Eagles, and also support that lead concentrations currently accepted as background levels need to be revised. 22, 57 Likewise, while developing a threshold value for lead in liver, one needs to consider potential sublethal effects that might be related to increased risk of mortality. If such a revised threshold level for lead in liver were as low as the threshold level in blood that we identified (i.e., Although this boundary is speculative, it is clearly in line with the lead concentration in liver of the three tagged eagles that died during our study (316, 346 and 1820 ppb ww), likely implying that sublethal lead concentrations might also reduce hunting success and alertness (resulting in starvation), and not only increase collision risk. Our results urge for increased focus to also identify sublethal lead concentration thresholds in liver.
An important complementary next step for future studies will be to monitor lead concentrations in blood and flight behavior of both juveniles and adults, by repeated sampling of the same individuals before and over the course of the hunting seasons. In addition, knowledge on the spatial and temporal distribution on hunted game across the landscape would further improve our understanding of the relationship between behavior and lead.
Even though our study focused on Golden Eagles, we expect similar adverse demographic and behavioral effects of lead from wildlife hunting on other scavenging species such as corvids, 4 foxes, brown bear (Ursus arctos L.), wolverine (Gulo gulo L.), and other raptors in the boreal region.
The negative effects of lead on wildlife have been recognized for more than 150 years and from the 1930s, lead poisoning in waterfowl has been widely acknowledged. 58 Despite these early warnings, initiatives for banning lead ammunition came first in the 1970s and in the U.S. the use of lead shot for hunting of waterfowl was banned in 1991. 5, 58 By 2009, 26 countries had restricted the use of lead ammunition for hunting. 59 After first banning lead shot in 2005, the Norwegian parliament recently (3 February 2015) repealed the ban of lead shot for wildlife hunting outside wetlands. Our study suggests that this type of decision is likely to have negative impacts on the Scandinavian Golden Eagle population as well as on other wildlife. We therefore strongly advocate that (a) background lead levels, in accordance with this and other studies 22, 57 should be revised and (b) only lead-free ammunition should be allowed for game hunting.
14 Until lead-based ammunition is abandoned, there is also a need for legislation against leaving lead-contaminated gut piles and offal from big game hunting available for scavengers to feed on.
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